has many advantages, such as low temperature and pressure, relatively higher concentration of the products, lightcolored products, no effluent generation, simple equipments requirement, and improved product recovery. Therefore, enzymatic hydrolysis has been a more efficient hydrolysis process of vegetable oils with thermal sensitive and high polyunsaturated fatty acids 17 19 . But no report focused on the enzymatic hydrolysis of linseed oil was found.
In the work, the screening of enzyme for linseed oil hydrolysis was studied. The effect of reaction variables, such as reaction temperature, pH, reaction time, enzyme load, and substrate concentrations, on the hydrolysis of linseed oil were investigated and evaluated using response surface methodology. The fatty acid composition and the triacylglycerol composition of hydrolysis mixtures were also investigated. mmol/kg, and phosphorus content 0.48 . Main fatty acid composition of linseed oil was as follows: palmitic acid 5.41 , stearic acid 3.54 , oleic acid 19.87 , linoleic acid 15.07 , and linolenic acid 55.62 .
The immobilized 1,3-selective lipases from C. antarctica Novozym 435 , R. miehei Lipozyme RMIM , and T. lanuginosa Lipozyme TLIM were donated by Novozymes Bagsvaerd, Denmark . The lipase from C. rugosa Lipase AY was kindly donated from Amano Enzyme Inc Nagoya, Japan .
Lipase-catalyzed hydrolysis of linseed oil
The hydrolysis of linseed oil was carried out at a glass flask with a capacity of 500 mL. The reaction mixture was consisted of linseed oil and distilled water, and their total volume was 100 ml. The reactor vessel was placed in a thermostatically-controlled water-bath with magnetic stirring, the oil and water phases were mixed with magnetic stirring. The effects of temperature 20-60 , pH 5.0-8.5 , oil-aqueous phase ratio 0.5-4.0, V/V , enzyme load 0.25-2 , relatived to the weight of total substrates , reaction time 0-14 h , rotation speed of the magnetic stirrer 200-240 rpm . Samples 2 mL were withdrawn from the reactor at regular intervals for analysis. Each hydrolysis reaction was run in duplicate, and each sample was repeated three times.
Determination of hydrolysis ratio
Hydrolysis ratio was determined by measuring the acid value of both unhydrolyzed and hydrolyzed oil at different reaction conditions as well as saponification value of unhydrolyzed oil according to AOCS Cd 3d-63 and AOCS Cd 3a-94 methods. The hydrolysis ratio was calculated from the acid value and the saponification value of the oil as follows:
Hydrolysis ratio AV t AV 0 SV AV 0 100
Where SV and AV 0 are the saponification value and acid value of the original linseed oil, respectively, and AV t is the acid value of the reaction mixture at designated times. 2.2.2 Determination of fatty acid composition after hydrolysis The fatty acid composition of linseed oil hydrolysate was determined by gas chromatography using a SHIMADZU GC 2010 Shimadzu, Japan . GC equipped with a flameionization detector and BPX-70 30 m 0.25 mm 0.25 μm capillary column SGE, Saint Quentin Fallavier, France was used for analyzing fatty acid methyl eaters FAME 20 . GC parameters were as follows: injector and detector temperatures 260 and 300 , respectively; column temperature 50 , with gradual heating to 180 at a rate of 5 /min, followed by slow heating to 210 at a rate of 0.8 /min. Helium was used as a carrier gas. Split sampling with injection volume of 1 μL and split ratio of 80:1 was employed. 2.2.3 Determination of glyceride composition of hydrolysate by TLC-FID MG, DG, TG, and FFA content of hydrolysis products were separated by TLC-FID Tokyo, Japan according to previous reports 21, 22 . Samples were dissolved in hexane 20 solution, v/v , and 1 μL hexane-sample mixture was spotted onto Chromarods SIII Tokyo, Japan . Solvents developed were hexane/petroleum ether/acetic acid 55:15:1, V/V/V . TLC-FID parameters were as follows: air flow 1.5L/ min, hydrogen flow 110mL/min, and scan speed 30s per rod.
Experimental design and analysis
Response surface methodology RSM was applied to identify optimum levels of five variables of temperature, pH, oil-aqueous phase ratio, enzyme load, and reaction time. The independent factors and levels in both coded and uncoded parameters are listed in Table 1 . The experiments were carried out for analysis using Design Expert Minneapolis, USA . This design generated a total of 46 of experimental runs at different conditions, and all experiments were conducted in randomized order. The Box-Behken design for five independent variables was used to obtain the combination of values that optimizes the responses within the region of the three-dimensional observation space. The experimental design with observed values was shown in Table 2 . The generalized second-order polynomial model describes the contribution of the various factors on hydrolysis ratio of linseed oil. The generalized second-order polynomial model was as follows: 
Where Y represents the response value, β 0 is a constant, β i , β ii , and β ij are the linear, quadratic, and interactive coefficients of the model, respectively. X i and X j are the levels of the independent variables.
Results and Discussions

Screening of enzyme
Lipase AY, Lipozyme RMIM, Lipozyme TLIM, and Novozym 435 were screened for the hydrolysis of linseed oil Fig. 1 showed the weakest hydrolysis activity for linseed oil. Results indicated that Lipase AY was the best lipase among tested lipases for linseed oil hydrolysis. Therefore, Lipase AY was chosen as the enzyme used in the next study.
Determination of variables levels
As reaction temperature increased, the hydrolysis ratio showed the increasing-decreasing pattern Fig. 2 a . This could be attributed to the increase in the probability of substrate-enzyme collision with the temperature increasing. After 30 , the hydrolysis ratio decreased with the increasing of temperature which due to the speed of the enzyme inactivation higher than that of productive collision 23 . So, 30 was selected as the optimum temperature.
The effect of pH and oil-aqueous phase ratio on hydrolysis ratio of linseed oil showed the similar with that of reaction temperature. The maximum hydrolysis ratio was 92.80 at pH 5.5 Fig. 2 b . The hydrolysis ratio was up to the maximum at oil-aqueous phase ratio 1.0 Fig. 2 c . When the substrate ratio was 3, the hydrolysis rate decreased, which may be attributed to substrate inhibition of enzyme at higher oil concentration, besides, the product change the polarity of reaction medium that influenced the active conformation of the lipase 24, 25 . The hydrolysis ratio increased with the increasing of enzyme load 0.25-1.00 until a maximum was obtained, and then maintained constant with the increasing of enzyme load Fig. 2 d . Product inhibition appeared at enzyme load 0.50 , and reached the maximum at enzyme load 1.00 , which was attributed to enzyme in the interface of adsorption than that of the suction effect, so the hydrolysis ratio achieve maximum at enzyme load 1.00 . This phenomenon is explained that the interfacial area is saturated with enzyme molecules at high enzyme concentration. Under this circumstance, although mixing produced a proper enzyme reaction to the interface, mechanical erosion also made redundant enzyme molecules desorption from the interface 26, 27 .
Figure 2 e shows the variation trend of the hydrolysis ratio with reaction time. In the fist 3 h, the hydrolysis ratio linearly increased with the increasing of reaction time, and then the increasing trend of hydrolysis ratio became slow with the prolonging of reaction time after 4 h. This result can be explained with the fact that substrate concentration declined with the increasing of reaction time.
3.3 Fitting the model and response surface analysis RSM was used to optimize levels of five reaction variables on the hydrolysis ratio of linseed oil F less than 0.05 indicated that model terms were significant. In addition, the Table 3 also illustrated that the influence of reaction time, pH and the oil/water volume effect was highly significant. The influence of reaction time, temperature and enzyme levels is significant.
The mutual interactions of variables were investigated by RSM. Figure 3 a-f shows the response surface plots of two variables interaction. The hydrolysis ratio increased with the increasing of temperature, the maximum hydrolysis ratio was obtained at 30 , and then decreased after 35 , which was due to the deactivation of enzyme at higher temperature. The mutual interation between temperature and pH had a positive effect on the hydrolysis ratio p 0.05 Fig. 3 a . And the maximum hydrolysis ratio was obtained at pH 5.5. The result showed that Lipase AY had a high catalytic activity under acid condition. The consequence was different from the reported for fish oil by Okada et al. 28 , which may be attributed to different substrate. Figure 3 b shows the response surface plot of temperature and oil-aqueous phase ratio. The effect of temperature on hydrolysis ratio is significant when the temperature is below 30 . However, when the temperature is above 30 , the effect of oil-aqueous phase ratio becomes significant while the temperature has little influence. Besides, the hydrolysis ratio increases with the increase of the oil-aqueous phase ratio from 0.50 V/V to 1.00 V/V . More than 1.00 of the oil-aqueous phase ratio shows little improvement in hydrolysis ratio. The optimal temperature range is between 30 and 35 Fig. 3 c . With the increasing of enzyme load, the hydrolysis ratio linearly increased and then tend to be stable. Due to the accumulation of glycerol molecules in the reaction system, the hydrophilic hindrance layer was formed, which limited the substrate diffusion 29, 30 . Figure 3 d incicates the mutual interaction between temperature and reaction time.
To obtain a high hydrolysis ratio, a longer reaction time is required when the temperature is lower. From the figure, reaction time of 3.5-4.5h and temperature of around 32.5 are suitable for hydrolysis of linseed oil. The mutual interaction between pH and enzyme load had a positive effect on the hydrolysis ratio p 0.01 Fig.  3 e . It can be seen that the effect of pH becomes significant when the enzyme load is above 0.88 relative to the weight of total substrates . Figure 3 f shows the mutual interaction of pH and reaction time on the hydrolysis ratio. From the Table 3 , it shows the mutual interactions between oil-aqueous phase ratio, enzyme load, and reaction time was not significant.
Veri cation of predicted parameters
The optimal enzyme-catalyzed hydrolysis conditions were obtained using RSM as follows: temperature 32.14 , pH 5.76, oil-aqueous phase ratio 0.87, enzyme load 1. 17 relative to the weight of total substrates , and reaction time 3.33 h. Considering the actual production conditions, the modified optimal conditions were: temperature 33 , pH 5.80, oil-aqueous phase ratio 0.90 V/V , enzyme load 1.20 relative to the weight of total substrates , and reaction time 3.33 h. The suitability of the model equation for predicting the optimum response value was tested in tripli- cate. Under the modified optimal conditions, the hydrolysis ratio was 93.92 0.54 , which was close to the predicted hydrolysis ratio of 96.98 . Compaired with conventional methods, enzymatic hydrolysis has many advantages, such as a lower temperature, shorter reaction time and light-colored products. Because of such advantages, we could gain high quality products, which is very important for us in healthy life.
Analysis of hydrolysate
The fatty acid composition and glycerides composition of hydrolysate under optimal conditions were tabulated in Table 4 . The main fatty acids of hydrolysate were palmitic acid 6.00 , stearic acid 3.81 , oleic acid 19.81 , linoleic acid 14.65 , and linolenic acid 52.63 , respectively. The relative content of free fatty acids of hydrolysate was 96.6 , the relative content of monoglyceride, and triglyceride were 4.91 and 0.21 , respectively. These results indicated that the linseed oil was completely hydrolyzed by non-specific lipase AY.
Conclusions
Among four commercial lipases tested for the hydrolysis of linseed oil, lipase AY showed the highest hydrolysis ratio. The predicted values of RSM model were in conformity with the actual values, which showed that the RSM model was reliable. Response surface methodology was successfully developed for lipase-catalyzed hydrolysis of linseed oil. The reaction conditions were optimized as follows: temperature 33 , pH 5.80, oil-aqueous phase ratio 0.90 V/ V , enzyme load 1.20 relative to the weight of total substrates , and reaction time 3.33 h. Under the suggested conditions, the hydrolysis ratio of linseed oil was 93.92 0.54 . 
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